Objective To assess the accuracy of preoperative staging of rectal cancer with magnetic resonance imaging to predict surgical circumferential resection margins. Design Prospective observational study of rectal cancers treated by colorectal multidisciplinary teams between January 2002 and October 2003. Setting 11 colorectal units in four European countries. Participants 408 consecutive patients presenting with all stages of rectal cancer and undergoing magnetic resonance imaging before total mesorectal excision surgery and histopathological assessment of the surgical specimen. Main outcome measures Accuracy of magnetic resonance imaging in predicting a curative resection based on the histological yardstick of presence or absence of tumour at the margins of the specimen. Results 354 of the 408 patients had a clear circumferential resection margin (87%, 95% confidence interval 83% to 90%). Specificity for prediction of a clear margin by magnetic resonance imaging was 92% (327/354, 90% to 95%). High resolution scans were technically satisfactory in 93% (379/408). Surgical specimens were histopathologically graded as complete or moderate in 80% (328/408), and the median lymph node harvest was 12 (range 0-49). Magnetic resonance imaging predicted clear margins in 349 patients. At surgery 327 had clear margins (94%, 91% to 96%). Conclusion High resolution magnetic resonance imaging accurately predicts whether the surgical resection margins will be clear or affected by tumour. This technique can be reproduced accurately in multiple centres to predict curative resection and warns the multidisciplinary team of potential failure of surgery, thus enabling selection of patients for preoperative treatment.
Introduction
Colorectal cancer is a common malignancy and the second commonest cause of cancer death in the Western world. Rectal cancer, defined as a tumour with its lower edge within 15 cm from the anal verge, accounts for about a third of all colorectal malignancies. Management is particularly challenging technically for the surgeon and local recurrence within the pelvis is a common result of treatment failure. In total mesorectal excision surgery, the plane of dissection is formed by the mesorectal fascia, which encloses the fatty mesorectum that envelops the rectum. This fascia forms the circumferential resection margin, and tumour within 1 mm of the potential circumferential resection margin (the radial margins of the surgical resection specimen) strongly predicts local recurrence and poor survival.
2 3 While the optimal surgical technique of total mesorectal excision can cure early stage localised rectal cancer, 3 4 it is now evident that preoperative radiotherapy or chemoradiotherapy 5 may facilitate successful surgical excision and therefore improve outcome in patients with more extensive disease. Previous studies have found high rates of tumour in the circumferential resection margins; 22-27% in recent studies. [6] [7] [8] Therefore, the optimal management of rectal cancer requires detailed preoperative planning that includes the assessment of the relation of tumour to the mesorectal fascia. 9 Traditionally, surgeons have assessed patients with digital rectal examination, [10] [11] [12] endorectal ultrasonography, and occasionally computed tomography. [13] [14] [15] Though these methods confer little knowledge of the relation of tumour to the surgical circumferential resection margin, preoperative treatment strategies have been based on digital rectal assessment of how the tumour is fixed. 16 17 Postoperative treatment is based on the histopathological assessment of the margin. Clearly, patients with potentially affected margins need to be identified preoperatively so that this may be reduced with preoperative therapy 18 19 and, if appropriate, by modifying the planned surgery. The potential complexity of preoperative decision making in the management of rectal cancer lends itself to a multidisciplinary team approach. The team consists of surgeons, radiologists, oncologists, pathologists, and specialist nurses, aided by a broad range of administrative and supportive workers from hospital and community services.
High resolution magnetic resonance imaging consistently shows the mesorectal fascia, and one prospective study found that it could predict tumour at the potential circumferential resection margin if the tumour was within 1 mm of the mesorectal fascia on the scan. [20] [21] [22] Variable acceptance of the technique is attributable to reports alleging inaccuracy and doubt in some quarters as to its clinical and cost effectiveness. 14 We undertook a prospective European, multicentre, multidisciplinary study, with emphasis on quality control of imaging assessment, surgery, and pathology, to assess the diagnostic accuracy, feasibility, and reproducibility of magnetic resonance imaging in predicting the final histopathological staging of tumour within 1 mm of the circumferential resection margin.
Methods
Consecutive patients with rectal adenocarcinoma proved by biopsy from 11 hospitals were eligible for the study. Patients had to be over 18 years of age and able to give written informed consent. Patients were excluded if they were pregnant or had a history of pelvic malignancy, pelvic radiotherapy, or pelvic floor surgery for faecal incontinence or rectal prolapse. Patients were also excluded if they were unable to undergo magnetic resonance imaging because of metal fragments or implanted metal devices within the body. Data were prospectively collected, using detailed proformas.
Clinical assessment of tumour-A specialist colorectal surgeon (n = 30) at each centre assessed the tumour with digital rectal examination and rigid sigmoidoscopy. Tumours were classified as mobile, tethered, or fixed. Colonoscopy or contrast enema was used to exclude polyps or synchronous cancer. Mobile tumours were considered to have a potentially clear circumferential resection margin. Tethered or fixed tumours were considered to have a potentially threatened or affected margin.
Radiological assessment-Patients underwent magnetic resonance imaging of the pelvis with a body coil and a high resolution protocol for imaging the primary tumour and mesorectal fascia before surgery (see bmj.com). This was repeated after subsequent treatment in patients who received chemoradiotherapy or long course radiotherapy before surgery. Computed tomography was used to stage metastases. Eighteen radiologists (with 5-20 years' experience in gastrointestinal and magnetic resonance imaging) reported on the scans before surgery and were blinded to the histopathological findings. Imaging workshops were held before the study started to ensure standardisation of scan techniques, image interpretation, and reporting. 20 21 23-25 All scans were reported with a dedicated proforma (see bmj.com). If the scan showed tumour ≤ 1 mm from the mesorectal fascia, circumferential resection margins were classified as potentially affected.
Treatment options-The clinical and radiological findings for each patient were discussed at a preoperative multidisciplinary team meeting. For patients identified preoperatively by magnetic resonance imaging as having a potentially affected margin, the team agreed a preoperative treatment strategy to reduce the likelihood. Treatment options included extending the surgical resection to remove structures beyond the mesorectal fascia en bloc, short course (5×5 Gy) radiotherapy, 26 long course radiotherapy, or chemoradiotherapy.
Histopathological assessment-This was taken as the reference standard. Sixteen specialist gastrointestinal histopathologists (with 5-25 years' experience) defined a clear margin as ≥ 1 mm between the tumour and the margin. 27 Pathology workshops were held before the study to standardise pathological examinations and naked eye and microscopic assessment of specimens.
Statistics
We wanted to be able to show that using magnetic resonance imaging to aid decisions about preoperative treatment would correctly identify 95% of patients who had clear margins on surgery, but we also wanted to rule out a lower limit of 90%. We used a Simon single stage design 28 to rule out a rate of less than 90% with an estimated true rate of 95%. We calculated the sensitivity, specificity, positive predictive accuracy, and negative predictive accuracy for magnetic resonance imaging and digital rectal examination in predicting a curative resection based on the histological yardstick of presence or absence of tumour at the margins of the specimen.
Results

Patients' characteristics
Between January 2002 and October 2003, 679 potentially eligible patients consented to take part in this study. After exclusions, we had complete pathology and magnetic resonance imaging data available for comparison in 408 patients (fig 1) . Table 1 summarises patients' characteristics. The quality of surgery was assessed macroscopically. 29 Of 408 specimens, 251 (62%) were complete, 77 (19%) were moderate, and 23 (5%) were incomplete or perforated. No report on specimen grade was recorded in 57 (14%). The median number of nodes found per specimen was 12 (range 0-49).
Magnetic resonance imaging prediction of circumferential resection margin status
Of the 349 patients in whom magnetic resonance imaging predicted clear margins and who underwent surgery, 327 had clear margins (94%, 95% confidence interval 91% to 96%) (table 2). The accuracy for predicting the status of circumferential resection margin by initial imaging or imaging after treatment but before surgery in 408 patients was 88% (359/408, 85% to 91%).
Of the 408 patients, 311 underwent primary surgery. The accuracy for prediction of a clear margin was 91% (284/311, 88% to 94%) with a negative predictive value of 93%, (269/290, 90% to 96%) (table 2). This compared with an accuracy of 77% (75/97, 69% to 86%) and negative predictive value of 98% (58/59) in 97 patients with complete magnetic resonance imaging and pathology data who had received preoperative chemoradiotherapy or long course radiotherapy.
Patients with a curative resection on histopathology
In total, 354 (87%) patients had a clear margin on histopathology (table 2). In 327 of these patients, this was correctly predicted with magnetic resonance imaging (see fig 2) , giving a specificity of 92% (89% to 95%).
In 27 (8%) of these patients, however, magnetic resonance imaging incorrectly predicted tumour in the margin. Twenty one received chemoradiotherapy or long course radiotherapy, and appearances of tumour at the margin on their scans after treat- ment corresponded to changes related to treatment, but no tumour was detected on histopathological assessment. In the six patients who underwent primary surgery with predicted affected margin on magnetic resonance imaging, en bloc removal of adjacent organs in one patient resulted in a clear circumferential resection margin but tumour had breached the mesorectal fascia as predicted on preoperative scan. One patient treated with palliative intent had clear circumferential resection margin but the specimen was incomplete and the surgeon reported gross disease in the pelvis. In three of the six patients histopathology showed a distance of > 1-2 mm to the circumferential resection margin, indicating close but not affected margin. In one patient overestimation of disease resulted in a false positive result of affected margin with magnetic resonance imaging.
Patients with a non-curative resection on histopathology
Histopathology showed affected margin in 54/408 (13%) patients (table 2) . In 32 of these patients, magnetic resonance imaging correctly predicted tumour within 1 mm of the mesorectal fascia. In 17 patients, despite preoperative chemoradiotherapy or long course radiotherapy, the circumferential resection margin remained affected (fig 3) . The 15 remaining patients underwent primary surgery, despite magnetic resonance imaging predicting involved affected margins, because of comorbidity (five patients), irresectable metastatic disease (two), planned extended resection to prevent circumferential resection margin involvement (two), and short course radiotherapy followed by immediate surgery (four). Two patients in whom magnetic resonance imaging predicted affected margins were not discussed at a preoperative multidisciplinary team meeting, and no preventive treatment plan was documented.
In 22 of 54 (41%) patients with affected margin this had not been predicted by magnetic resonance imaging before surgery. In 11 this was because of perforation of the tumour during surgery, which could not have been predicted on magnetic resonance imaging. In seven, the affected margin was not due to direct spread of the tumour but to the presence of nodes containing tumour that had not been detected by the scan lying within 1 mm of the margin. In one patient, changes on the scan were interpreted as post-radiotherapy fibrosis at the margin, but examination of the specimen showed microscopic tumour cells. In three patients, although the local extent of tumour had been correctly documented compared with pathology, the distance to the mesorectal fascia had been overestimated by the reporting radiologist.
Accuracy of digital rectal examination v magnetic resonance imaging Magnetic resonance imaging gave more accurate information than digital rectal examination (table 3). In 245 patients who underwent primary surgery, accuracy for circumferential resection margin status was 171/245 (70%) with digital rectal examination and 226/245 (92%) with magnetic resonance imaging in the same group of patients (P < 0.01). In particular when digital rectal examination showed fixed or tethered tumour this corresponded to an involved circumferential resection margin in only 15% (10/68) of patients. 
Discussion
Magnetic resonance imaging is an accurate method of predicting the possibility of achieving a surgically clear circumferential resection margin. Accurate visualisation of the tumour and pelvic anatomy has become the focal point in the multidisciplinary team management of rectal cancer. Digital rectal examination has a key role in early diagnosis and is crucial in the hands of an experienced surgeon. [10] [11] [12] We have confirmed, however, that magnetic resonance imaging is the best method available for predicting circumferential resection margin status and therefore clinical outcome.
Importance of radiology and pathology workshops
We used proformas, based on published national guidelines, 30 31 to ensure quality control in collecting data. Before launch of the study all radiologists attended intensive training workshops, using comparative materials from magnetic resonance imaging and histopathology. These workshops focused on interpretation of images and acquisition techniques, which require considerable skill and were an important part of the success in achieving consistency and reproducibility in this multicentre trial.
Surgeons used optimal total mesorectal excision surgery, 3 4 32 and the histopathologist graded only 5% of 408 specimens as incomplete. This compares favourably with 24% of 180 specimens in another large study. 33 Dedicated workshops achieved high quality pathology results, with multiple blocks, whole mount sections, and a median lymph node harvest of 12 to standardise detailed assessment of the specimens. Within the United Kingdom this concept of standardisation and quality control has formed the basis of a national multidisciplinary team development programme for colorectal teams to introduce the concepts of precision staging with magnetic resonance imaging, appropriate use of neo-adjuvant therapy, and planned optimal surgical intervention. 34 The UK members of the group are currently responsible for radiological training and mentoring in this programme.
Study limitations
In patients in whom magnetic resonance imaging predicts that clear circumferential resection margins are achievable by the surgeon, 94% will have a clear margin on histology. On the other hand, identification of affected margins on magnetic resonance imaging provides a clear warning that tumour shrinkage before surgery is the patient's best hope of histologically clear margins and the undeniable implication of better outcome. Magnetic resonance imaging, however, does have some limitations as some patients had affected margin because of lymph nodes containing tumour foci within 1 mm of the margin and intraoperative perforations not predicted by the scan. Intraoperative perforations (occurring in < 3% of surgical specimens) reflect technically difficult surgery and further work is required to determine why these occur with investigation of any physical parameters (such as height of tumour, narrow pelvis) seen on magnetic resonance imaging that may predict this. As lymph nodes not identified by magnetic resonance imaging within 1 mm of the margin contained only small foci of tumour and were encapsulated, it is not clear from previous audits of histopathology if outcomes are poor for this small subgroup of patients. There were also patients in whom magnetic resonance imaging predicted affected margin but who had clear margins on histopathology. This was a reflection of the aggressive steps taken by the multidisciplinary team in preventing positive marginsnamely, by extending surgery and giving preoperative radiotherapy or chemoradiotherapy. Our results show that the degree of tumour regression after preoperative treatment is often underestimated because of inability to distinguish treated tumour from non-viable tumour "scar." By correlating the scan result with histopathology sections in this series we may be able to learn how to improve our interpretation of post-treatment scans. Despite the obvious limitation of inability to distinguish a few residual cancer cells within an area of radiation fibrosis, however, we were able to predict clear circumferential resection margin after radiotherapy with a high degree of accuracy as shown by the low false negative rates. Our overall rate of affected margin of 13% compares favourably with previous audited results of 27% and confirms the value of our preoperative multidisciplinary management of rectal cancer. In summary, we have shown that magnetic resonance imaging of rectal cancer is accurate, feasible, reproducible, and a robust standard for preoperative staging. In conjunction with clinical assessment it allows a multidisciplinary team to plan individualised treatment. The potential benefits include avoidance of unnecessary preoperative treatment in many patients, an objective staging system for future clinical trials, and targeted therapy for those who require it.
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What is already known on this topic
In rectal cancer, the presence or absence of tumour within 1 mm of the surgical circumferential resection margins (of the excised surgical specimen) strongly influences outcome and is an independent predictor of survival and local recurrence The presence of tumour at the circumferential resection margin influences whether the patient should receive preoperative treatment
What this study adds
Magnetic resonance imaging is the best method of assessing the relation of the tumour to the potential circumferential resection margin-the mesorectal fascia This technique is reproducible in multiple centres with committed multidisciplinary teams Most patients with potentially affected margins can be identified at presentation, thus preventing incomplete resection of the tumour and local recurrence Staging with magnetic resonance imaging provides an accurate assessment of tumour spread before preoperative treatment, allowing for standardisation of inclusion into clinical trials
